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In Fe-based superconductors, electron doping is often realized by the substitution of transition-
metal atoms for Fe. In order to investigate how the electronic structure of the parent compound is
influenced by Zn substitution, which supplies nominally four extra electrons per substituted atom
but is expected to induce the strongest impurity potential among the transition-metal atoms, we
have performed an angle-resolved photoemission spectroscopy measurements on Ba(Fe1−xZnx)2As2
(Zn-122). In Zn-122, the temperature dependence of the resistivity shows a kink around T ∼ 135 K,
indicating antiferromagnetic order below the Ne´el temperature of TN ∼ 135 K. In fact, folded Fermi
surfaces (FSs) similar to those of the parent compound have been observed below TN. The hole and
electron FS volumes are, therefore, different from those expected from the rigid-band model. The
results can be understood if all the extra electrons occupy the Zn 3d state ∼10 eV below the Fermi
level and do not participate in the formation of the FSs.
PACS numbers: 74.25.Jb, 71.18.+y, 74.70.-b, 79.60.-i
In iron-based high-Tc superconductors (Fe-SCs), elec-
tron doping can be made by partial substitution of
transition-metal atoms for Fe in the antiferromagnetic
(AFM) parent compounds as in Ba(Fe1−xCox)2As2 (Co-
122) and Ba(Fe1−xNix)2As2 (Ni-122), which show rel-
atively high superconducting (SC) transition tempera-
tures of Tc = 25 and 20 K, respectively
1–4. This is a
surprising phenomenon, considering the fact that in the
case of cuprate superconductors, transition-metal impu-
rities such as Co, Ni, and Zn works as strong scatterers
and quickly kill the superconductivity5–8. Therefore, the
role of the substituted transition-metal atom in the elec-
tronic structure has been one of the most important but
difficult issues in the Fe-SCs.
Based on super-cell calculation within the density func-
tional theory (DFT), Wadati et al. have studied the
spatial distribution of doped electrons in the FeAs layer
and found that the doped electrons are located at the
Co, Ni, Cu, and Zn sites9,10. On the other hand, an-
other super-cell calculation by Konbu et al.11 has shown
a rigid-band-like shift of the chemical potential and con-
comitant evolution of FSs with Co and Ni substitution.
Our recent angle-resolved photoemission spectroscopy
(ARPES) measurement has revealed that deviation from
the rigid-band model gradually develops in going from
Co-, Ni-, to Cu doped (Cu-122) BaFe2As2, which we at-
tribute to the effect of impurity potential of the substi-
tutional transition-metal atoms12. For Zn substitution,
the doped electron number is expected to be four times
as large as that of Co doping, and at the same time the
impurity potential is expected to be stronger than Co, Ni,
and Cu. In fact, the Zn 3d state is located ∼8 eV below
the Fermi level (EF) in DFT calculations
9,13. The effect
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FIG. 1. (Color online) (Color online) (a): In-plane resistivity
normalized at T = 300 K is plotted as a function of tempera-
ture for Ba(Fe1−xZnx)2As2 (Zn-122) with x = 0.08 and 0.25.
(b): Valence-band spectrum of Zn-122 with x = 0.08 and 0.25
taken at hν = 60 eV. (c): ARPES intensity plots of Zn-122
with x = 0.25 around the Z point. A red line of the inset
shows a momentum space of the E-k plot of (c).
of Zn-doping on the Tc of Fe-SC’s has been controver-
sial. According to Zn-doping studies on polycrystalline
Ba0.5K0.5Fe2As2 (K-122)
14, the Tc does not change with
Zn doping. For LaFeAsO1−xFx (F-La1111)
15, on the
other hand, the Tc even increases with Zn doping in
the underdoped region, while it remains unchanged in
the optimally doped regions. However, recent studies
on single-crystalline K-122 and polycrystalline F-La1111
over a broad electron-doping range have shown that the
2FIG. 2. (Color online) Fermi surfaces (FSs) and band dispersions of Zn-122 observed by ARPES. (a),(b): ARPES intensity
mapping plotted in the two-dimensional kx-ky plane taken at several photon energies. ARPES intensities have been integrated
within ±5 meV from the Fermi level (EF). (c1)-(f4): Band dispersions of x = 0.08 and 0.25 along cuts #1 to #4 in (a) and
(b), and the second-derivative of the energy-momentum plots for the same cuts. Red arrows correspond to the red arrows of
(a) and (b).
Tc is strongly suppressed with Zn substitution
16–18.
In this work, we have investigated the electronic struc-
ture of Ba(Fe1−xZnx)2As2 (Zn-122) to study the effect
of Zn doping in the BaFe2As2 system, focusing on the
impurity states and FS volumes. We have found that
the electronic structure of Zn-122 is similar to that of
the parent compound BaFe2As2, that is, band folding
due to the AFM order remains unchanged. We have also
found that the hole and electron FS volumes above TN
are similar to those of the parent compound and, there-
fore, are strongly deviated from those expected from the
rigid-band model. This implies that doped electrons are
mostly localized on the Zn 3d level located ∼10 eV be-
low EF. The present result is in line with the “universal”
relationship between the TN and the total FS volume for
the transition-metal-substituted Fe-SCs12.
High-quality single crystals of Ba(Fe1−xZnx)2As2 with
x = 0.08 and 0.25 were grown by the self-flux method.
The Zn concentration was determined by energy disper-
sive x-ray (EDX) analysis. ARPES measurements were
carried out at beamline 28A of Photon Factory (PF) us-
ing linearly-polarized light ranging from hν = 34 to 80
eV. A Scienta SES-2002 analyzer was used with the to-
tal energy resolution of 15-20 meV. The crystals were
cleaved in situ at T = 20 K in an ultra-high vacuum of
∼5×10−11 Torr.
Figure 1(a) shows the temperature dependence of the
in-plane resistivity of Zn-122. It shows a kink at T ∼
135 K very similar to the resistivity of the parent com-
pound BaFe2As2, and indicates that the AFM order per-
sists in Zn-122. Figure 1(b) shows the angle-integrated
photoemission spectra of Zn-122 in the entire valence-
band region. Zn 3d-derived emission is seen around 10
eV below EF, and is well separated from the Fe 3d band,
consistent with the density of state (DOS) given by the
super-cell band-structure calculation9. In Fig. 1(c), an
energy-momentum (E-k) plot taken at hν = 60 eV on
the Z plane is shown, and non-dispersive bands are ob-
served 10 eV below EF. This indicates that Zn-122 shows
stronger deviation from the rigid-band model than Co-,
Ni-, and Cu-122 in the previous report12.
In order to see the effect of the AFM order on the elec-
tronic structure near EF, we have performed FS mapping
in the kx-ky plane at T = 20 K. Figures 2(a) and 2(b)
show intensity mapping in the kx-ky planes including the
Z and the Γ points, respectively. One finds that the FS
shapes for the hole and electron FSs around the Bril-
louin zone (BZ) center and corner are similar to those of
the parent compound BaFe2As2
19,24. As shown in Figs.
2(c1)-2(f4), we show E-k plots and corresponding second-
derivative E-k plots for the hole and electron bands taken
at T = 20 K for cuts #1 - #4 in Figs. 2(a) and 2(b).
The band folding due to the spin-density-wave (SDW)
formation is obviously observed for x = 0.08, while the
band dispersions of x = 0.25 is smeared out and the band
folding is rather difficult to identify, probably due to scat-
tering by the randomly distributed Zn atoms. Here, the
hole bands for both samples clearly cross the EF even
around the Γ point12,20,21, implying that electrons are
not doped appreciably by Zn substitution. In order to in-
vestigate the three-dimensional electronic structure and
to estimate the FS volumes quantitatively, FS mapping
in the kz-k|| plane was performed by changing the pho-
ton energy as shown in Fig. 3. The direction of k|| is
the same as cuts in Figs. 2(a) and 2(b). Here, the inten-
sity asymmetry observed with respect to the k|| = 0 line
is due to photoemission matrix-element effects. Figures
3(a) and 3(c) show the hole FS mapping on the kz-k||
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FIG. 3. (Color online) FS mapping in the k||-kz plane below
TN ∼ 135 K. (a), (c): Hole FSs around the center of the
Brillouin zone. (b), (d): Second-derivatives of the intensity
map in (a) and (c), respectively. Red dots denote positions
of the Fermi momentum (kF). kF’s deduced from panels (b)
and (d) are shown in panel (e).
plane at T = 20 K (well below TN ∼ 135 K) for the x =
0.08 and 0.25 samples, respectively, and Figs. 3(b) and
3(d) are their second derivatives. Three dimensional hole
FSs folded due to AFM order are observed, similar to the
previous ARPES and dHvA studies of BaFe2As2
19,22–24.
Figure 3(e) shows that the shapes of hole FSs for both
samples fall on top of each other.
In order to estimate the volumes of the hole and elec-
tron FSs in the paramagnetic state, we have performed
FS mapping above TN (see Supplemental Material
25).
Estimated hole (nh), electron (nel), and total (nel − nh)
FS volumes are plotted as functions of the number of ex-
tra electrons per Fe/Zn site in Figs. 4(a1)-4(a3), respec-
tively. Here, the number of extra electrons has been cal-
culated using the net Zn concentrations (x ∼ 0.07 and ∼
0.21 for x = 0.08 and 0.25 samples, respectively25) which
excludes the precipitated phase of Zn metal from the to-
tal Zn concentration estimated by the EDX analysis. We
have assumed doubly degenerate inner and one outer hole
FSs. The FS volumes deduced from the present study are
compared with configuration-averaged super-cell band-
structure calculation13 and the rigid-band model, nel−nh
= x, in Fig. 4. While the calculated nh decreases only
slightly (by ∼0.1) with Zn substitution compared to the
added electron number of 0.5, nh deduced from ARPES
shown an even smaller change. In particular, the nel of
Zn-122 is almost constant unlike the theoretical predic-
tion. The experimental value of nel − nh thus does not
show appreciable change from the non-doped sample as
shown in Fig. 4(a3), indicating that the rigid-band model
completely breaks down in Zn-122. We have plotted the
TN of Zn-122 as a function of the extra electron number
[Fig. 4(b1)] and of nel − nh deduced from the present
study [Fig. 4(b2)] together with the other transition-
metal-substituted BaFe2As2. While, the TN plotted in
Fig. 4(b1) is strongly deviated between Co-, Ni-, Cu-
, and Zn-122, the TN plotted in Fig. 4(b2) coincides
with each other12, indicating that the TN is controlled
AFM
SC
FIG. 4. (Color online) (a1)-(a3): Hole (nh), electron (nel),
and total FS volumes (nel − nh) above TN plotted as func-
tions of the number of extra electrons. Experimental data
obtained from the present study are compared with theory
(configuration-averaged super-cell band-structure calculation
reported by theory13) and the rigid-band model shown by a
solid line in (a3). The data of BaFe2As2 are taken from ex-
perimental studies21,27. TN’s plotted as functions of (b1) the
nominal extra electron number per Fe/T site and (b2) the
total FS volume nel − nh (T = Co, Ni, Cu, and Zn)
12. The
Tc dome of Co-122 is also shown for reference.
by the number of doped electrons. Therefore, almost all
the doped electrons do not become mobile carriers, and
hence, Zn-122 does not show the superconductivity.
Now, we discuss how the electronic structure is influ-
enced by the strong impurity potential of the Zn atom.
As shown in Fig. 3, changes in the FSs induced by Zn
substitution are very little, and the electronic structure
of Zn-122 is similar to that of BaFe2As2. According
to tight-binding-model calculations and first-principles
band-structure calculations26, in the case of a weak im-
purity potential, the host and impurity atomic orbitals
form common energy bands. With increasing magnitude
of the impurity potential, the host Fe 3d and the impurity
3d bands are separated, and the impurity states are split
off below the host band. Thus, the capacity of the impu-
rity band to accommodate additional electrons increases,
and the number of electrons added to the FSs decreases.
In order to explain the present ARPES result that the
FSs and band structure show almost no change with Zn
substitution, schematic DOSs for BaFe2As2, Co-122, and
Zn-122 are drawn in Fig. 5. For BaFe2As2, the Fe 3d
bands (hybridized with As 4p bands) are occupied by 6
electrons per Fe. By substitution of Co for Fe, because
the potential difference ≤ ∼2 eV9 is small compared to
the total bandwidth ∼ 2-3 eV, the hybridized common
Fe 3d-Co 3d bands are formed. Thus, the chemical po-
tential (µ) is shifted upward to accommodate the 6+x
electrons per Fe/Co site. On the other hand, as shown in
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FIG. 5. (Color online) Schematic illustration of the den-
sity of states for BaFe2As2, Ba(Fe1−xCox)2As2 (Co-122), and
Ba(Fe1−xZnx)2As2 (Zn-122). The total electron numbers of
BaFe2As2, Co-122, and Zn-122 are 6, (6+x), and (6+4x), per
Fe/Co/Zn site, respectively.
Fig. 5, the Zn 3d level in Zn-122 exists at the high bind-
ing energy of ∼10 eV and the number of electrons doped
by Zn substitution 10x occupy the Zn 3d level which can
accommodate 10x electrons per Fe/Zn site, while the Fe
3d bands can now accommodate only 10(1-x) electrons
because of the missing Fe atoms. Since the total elec-
tron number in Zn-122 is 6+4x, the occupancy of the
Fe 3d bands must be 6(1-x). Consequently, the ratio of
the occupied and unoccupied states of the Fe 3d bands
in Zn-122 is 4 : 6, the same as that of BaFe2As2, and
hence the chemical potential remains unshifted. Finally,
it is interesting to compare the present result with the
isovalent-doped Ba(Fe1−xRux)2As2 (Ru-122), where the
chemical potential also does not shift as in the case of
Zn-122 but superconductivity appears. According to the
previous ARPES study28, the Ru 4d states are located
around -1 eV below EF and, therefore, will be merged
into the Fe 3d bands. Thus, the Fe 3d-Ru 4d bands near
EF are broadened compared to those of the parent com-
pound, the antiferromagnetic ordering is suppressed, and
the superconductivity appears.
In conclusion, we have performed an ARPES study of
Ba(Fe1−xZnx)2As2 with x = 0.08 and 0.25 to investigate
the effect of Zn doping on the electronic structure. From
the three-dimensional shape of the FSs determined by
ARPES, we found that the hole and electron FS volumes
do not change, that is, a dramatic deviation from the
rigid-band model occurs. Since very few electrons are
doped into the Fe 3d band, the AFM persists in Zn-122,
and we have confirmed the universal relationship between
the TN and nel − nh among the transition metal-doped
BaFe2As2 systems
12.
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SUPPLEMENTAL MATERIAL
A. Fermi-surface mapping in the kx-ky plane and
band dispersions measured above TN
Fermi-surface (FS) mapping and hole and electron
band dispersions taken above TN are shown in Fig. 6.
The reconstruction of the FSs due to antiferromagnetic
order is absent, and paramagnetic hole and electron FSs
are observed. Hole and electron bands are clearly ob-
served as shown in Figs. 6(c1) and 6(c2), respectively.
B. Fermi-surface mapping in the kz-k|| plane
measured above TN
FS mapping in the kz-k|| plane above TN has been
measured at T = 150 K for hν = 34-84 eV with linearly
polarized light for Zn-122 in order to estimate the FS
volumes (see text) as shown in Fig. 7. We have found
that the hole and electron FSs show warping, while the
shape of the electron FS is almost straight along the kz
direction. Two hole FSs are resolved for the x = 0.08
and 0.25 samples. For the electron FSs, we have found
two sheets for the x = 0.08 sample, while one cannot
resolve the two FSs separately for x = 0.25, that is, the
electron FS of x = 0.25 are nearly degenerate. Therefore,
we have estimated the electron FS volume by assuming
two degenerate FSs.
C. Zn 3d level photoemission spectra
Since the solubility of Zn in Zn-122 is low, metallic Zn
may coexist with Zn substituting Fe. If such an impurity
phase of the metallic Zn exists, the spectra of the Zn 3d
states would show multiple components. Figure S3 shows
the Zn 3d photoemission spectra of Zn-122 with x = 0.08
and 0.25. The Zn 3d states have narrow bandwidth and
can be regarded as core levels with the spin-orbit doublet
of d5/2 and d3/2. Therefore, we have fitted each Zn 3d
spectrum to a superposition of two spin-orbit doublets.
Each spin-orbit doublet consists of two set of two Gaus-
sians with the intensity ratio d5/2:d3/2 = 3:2 (red curves
in Fig. 8). The two spin-orbit doublets are separated
due to a chemical shift between the Zn-122 phase and
the impurity phase. The intensity ratio of the two dou-
blets was found to be 5:1 for the x = 0.08 sample and
7:1 for the x = 0.25 sample, that is, the net Zn concen-
tration without the impurity phase is deduced to be ∼
0.07 and ∼ 0.2 for the x = 0.08 and x = 0.25 samples,
respectively. We have used the Zn concentrations in the
Zn-122 phase thus deduced rather than the nominal con-
centrations throughout this paper.
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FIG. 6. (a): Fermi-surface (FS) mapping plotted in the kx-ky plane of Zn-122 with x = 0.08. (b1), (b2): Energy-momentum
plots of the ARPES intensity for cuts #1 and #2 in panel (a). (c1), (c2): Second derivatives of the MDCfs in panels (b1) and
(b2). White dotted lines on panel (c1) are guide to the eye.
FIG. 7. FS mapping in the kz-k|| plane above TN . (a), (c): Hole FS mapping. (c), (d): Electron FS mapping. The right panel
shows a schematic Brillouin zone (BZ) in the kx-ky plane. Hole and electron FSs are also shown at the BZ center and corner,
respectively. The momentum direction of panels (a), (c) and (b), (d) are shown by red bars.
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FIG. 8. Angle-integrated photoemission spectra of the Zn 3d level for x = 0.08 (a) and 0.25 (b).
